The cross sections of nuclear reactions between the radioisotope 7 Be and deuterium, a possible mechanism of reducing the production of mass-7 nuclides in Big-Bang nucleosynthesis, were measured at center-of-mass energies between 0.2 MeV and 1.5 MeV. The measured cross sections are dominated by the (d, α) reaction channel, towards which prior experiments were mostly insensitive. A new resonance at 0.36(5) MeV with a strength of ωγ = 1.7(5) keV was observed inside the relevant Gamow window. Calculations of nucleosynthesis outcomes based on the experimental cross section show that the resonance reduces the predicted abundance of primordial 7 Li, but not sufficiently to solve the primordial lithium problem.
Soon after the discovery of the cosmic microwave background in 1965 [1, 2] , the primordial elemental composition of the universe was used as supporting evidence for the Big-Bang hypothesis and a means to determine cosmological parameters [3] . The major parameters of cosmology have now been precisely constrained, primarily by observations of the cosmic microwave background with COBE, WMAP and Planck [4] [5] [6] . The most important parameter for Big Bang nucleosynthesis (BBN) is the baryon-to-photon ratio, now determined to be η = 6.079(9) · 10 −10 [6] , allowing essentially parameterfree predictions for the primordial isotopic mass fractions under standard assumptions. The predicted mass fractions from BBN agree very well with the observations for 2 H, 3 He and 4 He. In sharp contrast, the value observed for 7 Li, (Li/H) P = 1.58
+0.35
−0.2 · 10 −10 [7] , is lower by a factor of 3-4 from the value calculated for Big-Bang nucleosynthesis (BBN).
This discrepancy, the "primordial lithium problem", has been studied in multiple works, e.g. [8] [9] [10] . Possible solutions include the destruction of mass-7 nuclides through interactions with WIMP particles or nonstandard cosmologies (Ref. [8] and references within). Other proposals assume the existence of 8 Be as a bound nuclide during BBN, based on an assumed variation of natural constants [11, 12] . These interpretations assume that the relevant nuclear reaction rates are known accurately.
In the conditions of BBN, 7 Li is effectively destroyed through 7 Li(p, α) 4 He, to a level that the majority of the surviving 7 Li is produced indirectly through the decay of the (T 1/2 = 53.12d) radioisotope 7 Be after the cessation of nucleosynthesis. The most important nuclear aspects of the 7 Li problem are therefore the reaction rates of 7 Be production, mainly 4 He( 3 He, γ) 7 Be, and its destruction through the reactions 7 Be(n, p) 7 Li, 7 Be(n, α) 4 He and d+ 7 Be → p+2α, specifically at temperatures around 0.8 GK [9, 10] . The last reaction of these is poorly constrained by experimental data and could potentially have a large impact on the production of 7 Li in BBN. The rate estimates for d+ 7 Be reactions in the commonly used Reaclib database [13] stem from an estimate by Parker [14] , who multiplied cross-section data from Kavanagh [15] by an arbitrary factor of three and extrapolated to lower energies. An experiment performed at lower energy found a significantly reduced cross section in the BBN Gamow window compared to the Parker estimate [16] . Other works suggested resonant enhancement through a 5/2 + compound-nuclear state in 9 B [17, 18] , an isospin-mirror to the 16.671 (5/2 + ) state in 9 Be. Candidates for such a state in 9 B were reported at 16.71 MeV [19] and at 16.80(10) MeV [20] . Without experimental knowledge of the partial decay widths, conclusions about resonant enhancements to the d+ 7 Be reactions remained uncertain.
This paper describes an experiment measuring a complete excitation function for the d+ 7 Be→ 2α + p reaction at energies relevant for BBN. The experiment was performed at the John D. Fox accelerator laboratory of Florida State University, using the resolut [21] radioactive beam facility to produce a beam of 7 Be of 19.7 MeV ± 100 keV and an intensity around 5·10 4 s −1 , constituting 65% of the particles delivered to the experiment. The 7 Be beam particles were identified and selected off-line to ≥ 94% purity through their time-of-flight signals measured with a thin-foil tracking detector located ≈ 3m upstream from the experiment. The beam composition was monitored by periodically inserting a compact detector into its path.
The beam of 7 Be was delivered to the anasen activetarget detector [22] , entering through a 8.9-µm thick Kapton window into a volume of pure deuterium gas at a pressure of 400 Torr, continuously losing energy in the gas until being stopped about 5 cm before the end of the detector. In this way, the excitation function of d+ 7 Be reactions was simultaneously measured in one setting with a single incident beam energy and with a common beam normalization. The beam axis was surrounded by an inner set of 24 position-sensitive proportional counters at 3.7 cm radius, surrounded by two "barrels" of 24 Micron Semiconductor "Super X3" silicon-strip detectors at a radius of 8.9 cm, while 4 Micron Semiconductor "QQQ3" detectors covered forward laboratory angles in an annular geometry. Each of the emitted light charged particles triggered a proportional-counter wire and a silicondetector segment and was thus traced back to determine the reaction vertex location.
The detectors were calibrated with standard calibration sources in vacuum as well as by scattering of proton and helium beams off a thin gold foil within the deuterium gas volume. The position of the scattering target was varied along the beam axis to calibrate the position reconstruction in active gas-target mode. The energyloss profiles in deuterium gas for protons, α and 9 Be particles were calibrated by injecting low-intensity accelerator beams into anasen and measuring the residual particle energies at various depths in the gas volume with an additional silicon detector. The data were fit and interpolated with energy-loss calculations in the program SRIM [23] and applied in the data analysis.
The light particles emerging from the reaction zone were identified through their characteristic energy losses in the proportional counter. The d + 7 Be → 2α + p reaction was clearly identified by requiring coincident detection of all 3 final particles. For each event, the reaction vertex was reconstructed from the trajectories of the two α-particles extrapolated to the beam axis. The beam energy at which the reaction occurred was determined from the reaction vertex and the calculated energy loss of the incident 7 Be to reach that point, which is called the "tracking method" (E track ). As a second, independent method labeled "sum method" (E sum ), the energies of the detected α and proton particles were summed and the fixed reaction Q-value subtracted, arriving at the reaction energy through energy conservation. Here, the detected particle energies were corrected for the energy loss on their way to the silicon detectors. Fig. 1 compares the event analysis using both methods that show overall agreement. For each event, the reaction energies from both solutions were required to be consistent within ±2 MeV, suppressing some background of mis-identified energies caused by scattering of light particles in anasen's proportional-counter wires. In addition, consistency between the beam momentum and the total final-particle momentum vectors was required. The "sum-method" achieves a superior resolution of ≈ 400 keV in the laboratory and was used for the subsequent reconstruction of the excitation function.
The particle decay of the 9 B compound system. Fig. 2 shows the distribution of events on a Dalitz-plot, where the xaxis corresponds to the α+α invariant-mass squared and the y-axis to the p+α invariant-mass squared. Events are clearly grouped into those that pass through the 8 Be ground-and first-excited states, as well as events proceeding through the 5 Li ground state. The distribution of events at all energies is dominated by the 7 Be(d, α)
5 Li(p) 4 He reaction, in contrast to the assumption of Angulo et al. [16] , which analyzed cross sections assuming (d, p) kinematics.
The cross sections were determined from the number of events in each energy bin, the total number of incident 7 Be ions, the areal target density of each energy bin, and the simulated detection efficiency. The total number of incident 7 Be ions was determined from the integrated counts of the thin-foil tracking detector, corrected for beam purity (≈ 65%) and the beam transmission into the anasen detector, (≈ 29%). The overall normalization was estimated to be uncertain by 30%, the dominant uncertainty of the absolute cross sections. The combined efficiency for coincident detection of 3 particles was simulated with a Monte-Carlo model, taking into account the beam-energy profile, the three-particle reaction kinematics, the energy loss of particles in the target gas, the geometry and resolution of the detection systems as well as the number of events lost from scattering inside the detector volume. The three-particle detection efficiency covers the region of the Dalitz plot evenly, with the exception of 7 Be(d, p 0 ) 8 Be gs events at the lowest reaction energies, for which there was low efficiency. Averaging over the phase-space, the energy dependence of efficiency is included in Fig. 3 , which shows a consistent experimental sensitivity for E c.m. ≥ 0.1 MeV, covering the entire Gamow window for T=0.8 GK.
The resulting cross sections are displayed in Fig. 3 , in total, as well as separated into the dominant (d, α) and the sum of the weaker (d, p 0 )
8 Be gs and (d, p 1 ) 8 Be 2+ reaction sequences. Here, the efficiency correction was applied as a function of the events' Dalitz-plot coordinates. The cross sections exhibit features characteristic of resonant contributions, which include the dominant peak at E c.m. = 1.17-MeV resonance energy observed by Kavanagh [15] and other experiments [20, 24, 25] . The data also show a new resonance at E c.m. = 0.36(5) MeV, in the Gamow window of BBN. The proton-singles measurements of [15] likely contain an uncertain admixture of (d, α) contributions, which make a direct comparison ambiguous.
The data were analyzed using the multi-level R-matrix code AZURE2 [26] , separated into the (d, α) and the (d, p 1 ) channel populating the 8 Be first-excited state. The experimental angular distributions for the dominant (d, α) components at seven energies were simultaneously fit with the excitation functions to help constrain spin and parity of the resonances. For the (d, p 0 ) branch, which contributes about 15% to the total cross section, we also included the differential cross sections from Kavanagh [15] in place of our (d, p 0 ) data, which had inferior statistics. The resonance parameters to best fit the data are given in Table I , including two sub-threshold states (with parameters fixed to literature values) that were found to have some impact on the cross section. Some alternative spin-parity assignments resulted in comparable fits, but did not significantly alter the resulting reaction rates, which are well constrained by the data. The extracted strength for the E cm = 0.36(5) MeV (5/2 + ) resonance is ωγ = 1.7(5) keV, with the uncertainty dominated by the overall cross-section normalization.
In Fig. 4 the experimental cross sections and the Rmatrix fit using the parameters from Table I are represented through the astrophysical S-factor S(E cm ) = σ(E cm )·E cm ·exp(2πη), with η = q 1 q 2 /( v cm ). The cross section in the Gamow-window of BBN is dominated by the E cm = 0.36(5) MeV (5/2 + ) resonance. The figure also shows the two data points from Angulo et al., the lower of which is consistent with our experiment's (d, p 1 ) cross section. Figure 4 contains two representations of the R-matrix fit, one folding the data with the 100 keV FWHM experimental resolution (solid line) and one without folding (dashed line). The experimental-resolution curve shows an overall better fit, and a significant increase at low energies, similar to the experimental values. Comparison with the un-folded function shows that this increase is almost entirely explained by the limited experimental resolution. The 3 lowest-energy data points are each above the R-matrix fit by about 1σ, which could either be caused by a slight asymmetry in the experimental response, or additional, unknown sub-threshold states. The S-factor representation of the raw fit extrapolates to around 40 MeV· barn towards the lowest energies, and was used to calculate the reaction rate. We found that fits including additional sub-threshold resonances or alternative experimental resolutions differed in the extracted reaction rates by less than 15% between temperatures of 0.05 and 0.5 GK.
The most important systematic uncertainty of the current measurement, in view of its astrophysical implications, lies in the calibration of E cm , which is derived from detecting three particles with more than 16.5 MeV of total kinetic energy in the laboratory system. From the systematic uncertainties in the energy-loss corrections, the reconstructed reaction energies are uncertain by 200 keV in the laboratory, or 45 keV in the center of mass. To find the resulting uncertainties of the reaction rates, we ana- lyzed the rates derived from our excitation function after shifting it by ∆E = ±45 keV. The overall cross-section normalization uncertainty (±30%) was also included in the rate uncertainties. The thermal reaction rates based on the R-matrix analysis (not including experimental resolution) are displayed in Fig. 5 . The figure also compares rates calculated from previous experimental cross sections. The "Kavanagh" rates are based on an S-factor extrapolation of 33 MeV·b from the data of Kavanagh [15] . The rates following "An- 
FIG. 5. Thermal reaction rates of d+
7 Be reactions as a function of temperature, calculated from R-matrix fit in this work, and in dashed line "high" and "low" values from systematic uncertainties. Rates calculated from Kavanagh [15] and Angulo et al. [16] are shown for comparison. Li/H without 7 Be+d this work range of observations FIG. 6. BBN outcome for light isotopes as a function of baryon-to-photon ratio η. The relative 7 Li abundance was calculated using the experimental d+ 7 Be reaction rate and its uncertainty range, which is compared to a BBN network without the d+ 7 Be reaction. Horizontal dashed lines show range of observations [7] . gulo et al." were calculated using the S-factor value of Ref. [16] , combined with data from Kavanagh at higher energies.
These d+ 7 Be reaction rates were used with other reaction rates taken from Reaclib [13, 29] to calculate BBN assuming a flat universe with H 0 =67.9 km/s/Mpc [6] . The abundance of light elements as a function of the baryon-to-photon ratio η is shown in Fig. 6 . The outcome for the "experimental rate" and its uncertainty range is
